I. Measurements were made of portal blood flow, heat production and oxygen consumption in the digestive tract of sheep either fasted or given the following diets: chopped, dried grass; pelleted, dried grass; chopped, dried lucerne; pelleted, dried lucerne; or a pelleted barley diet.
A. J. F. WEBSTER, 1'. 0. OSUJI, F. WHITE AND J. F. INGRAM 1975 the energy cost of eating and rumination to the heat increment of feeding for sheep offered grass diets of different physical form. The present experiment was designed to estimate the contribution of fermentation heat and the metabolism of the tissues of the digestive tract, using measurements of portal blood flow and the differences in temperature and oxygen content between arterial and portal venous blood. A preliminary account of some of this work has been published (Webster, Osuji, White & Ingram, 1974 ).
E X P E R I M E N T A L

Animals
Experiments were done using thirteen greyface or cross-bred adult wether sheep whose average weight was 65 kg (SD 7.0) . When the animals had fully recovered consciousness after surgery for implantation of catheters and thermocouples, they were put in smooth-sided rnetabolism cages and given free access to food and water. The animals remained in these cages for the duration of experiments which ranged from 3 to 8 weeks for each individual. All the sheep had been used in metabolism trials for at least 2 years before these experiments and were thoroughly accustomed to restraint and handling.
Measurement of blood $ow and visceral metabolism
Portal blood flow was measured by continuous thermal dilution (Webster & White, 1973) . Total heat production in the digestive tract (Elt, kJ/h) was estimated from equation I : f f t = 0*22SF(Tporta-Taorta), (1) where F is blood flow (ml/min); the constant 0.225 (= 0.9 x 4-18 x 60 x I O -~) is a value which incorporates the specific heat of blood (0.9) expressed on a J/ml basis. The temperature difference ( Tporta-Taorta) was measured direct from the e.m.f. generated between a pair of thermocouples placed in the portal vein and in the dorsal aorta close to the origin of the anterior mesenteric artery. This e.m.f. was amplified using a Rikadenki AIO microvoltmeter (T.E.M. Sales Ltd, Crawley, Sussex) giving, for an input signal of 50 pV, an output of 10 mV and a pen deflection, on a potentiometric recorder, of 200 mm.
Each estimate of Ht was obtained from two measurements of F made at an interval of 15 min and the average value for Tporta-Taorta over the intervening period.
The aerobic metabolic rate for the tissues of the digestive tract (H,, kJ/h) was estimated using values for oxygen consumption using equation 2 :
where F is portal blood flow (l/min). For the constant 1-22 (= 2 0 . 4~ 60x I O -~) it is assumed that the energy equivalent for 0, consumption is 20.4 kJ/1, a value which can only be approximate (Blaxter, 1962) . Measurements of 0, content VOl. 34 Heat production in the sheep gut 127 (C(O,), ml/l) were made using a Van Slyke apparatus, for samples of portal and aortic blood which were collected and stored under liquid paraffin. Hg was estimated again from the mean of the two measurements of F made at an interval of 15 min, and the concentration difference of C(0,) for single samples of blood taken from the porta and the aorta before the first measurement of F .
Surgical procedure
The procedure for implanting catheters and thermocouples into the mesenteric circulation was essentially similar to that described by Webster & White (1973) but with certain modifications. The catheter for infusing saline (9 g NaC1/1) (to produce thermal dilution) was implanted into a branch of the anterior mesenteric vein, not into the right ruminal vein as described formerly, since we had noticed that this latter vein was particularly susceptible to phlebitis.
Problems of phlebitis and other tissue reactions around catheters in the portal circulation of sheep have been discussed elsewhere (Webster, 1974) . Briefly, the tissue reaction is seldom severe enough to cause clinically detectable disease in the sheep, but sooner or later a fibrin flap forms around the catheter tips. This acts as an effective one-way valve which allows infusion but not withdrawal of blood. Several attempts were made to overcome this problem. Our most successful approach to date, used in the last six preparations, was to pierce six holes of about 0.6 m m diameter in the terminal 20 mm of a polyvinyl catheter (NT3, i.d. 1.4 mm, Shore scale 95 ; Portex Ltd, Hythe, Kent), and then, holding the catheter in steam, stretch the tip until the terminal opening was itself reduced to about 0.6 mm. This catheter was then cemented to the sealed catheter containing the thermocouple. After the cement was quite dry, the catheters were soaked in a dilute solution of detergent for at least 24 h to remove all traces of solvent.
After this treatment the tips of the catheters were very flexible, and a Seldinger guide wire (' Safeguide' ; Becton-Dickinson, Wembley, Middx.) was inserted into the sampling catheter during implantation to assist it through the contours of the mesenteric vessels. Experiments Basal metabolism in the gut. Measurements were made of F, Ht and Hg for six sheep that had not received food for 48 h. These measurements were made between I and 4 weeks after surgery. Measurements of F, Ht and Hg were made as described above, at intervals of 2 h in a period of 8 h.
Responses to food intake. The sheep were offered the following diets: chopped, dried grass; pelleted, dried grass; chopped, or pelleted, dried lucerne; a pelleted diet consisting mainly of barley (about 800 g/kg). T h e nutritive values of the diets are shown in Table I . Losses of food energy as faeces, urine and methane were measured as part of the routine programme of food evaluation done by the Calorimetry Section of the Rowett Institute. Values used for the net availability of ME at levels of intake above and below maintenance, are those reported by Wainman, Blaxter & Smith (1972) for dried grass, by Webster, Brockway & Smith (1974) for barley, It was not possible to impose a statistically elegant design on these trials because we could not forecast how long an individual preparation would give useful results or how much the sheep would eat after surgery.
An attempt was made, therefore, to obtain at least six successful trials with each diet, over the widest range of food intakes in excess of maintenance that we could achieve. The first experiments were done using the dried grass and these were frustrated by blockage of catheters and because the sheep would not consume more than about 1500 g of these diets124 h. Nine and ten trials were done using chopped, and pelleted, dried grass respectively.
Six trials were done using each of the lucerne diets and with the pelleted barley diet. The lucerne was apparently very palatable and the sheep would regularly eat 2250 g/24 h.
Each trial lasted for 24 h. Measurements of F, Ht and HQ were made at about 09.00 hours, then the sheep was given its daily ration as a single meal, and subsequent measurements were made at intervals of I or 2 h until 09.00 hours the next day. In the first six trials measurements were continued throughout the night, but experience and exhaustion satisfied us that the measurements at 01 .oo and 03.00 hours were not necessary. Individual measurements of F and Ht were plotted graphically and average values for F (ml/min) and total Ht (MJ/24 h) were obtained by integration of the areas under the curves. Because it was not always possible to withdraw blood, measurements of H, could not be made as frequently or as regularly.
Successive trials were done at intervals of not less than 7 d. The amount of food C,*(08)-C,,,(0,) is the difference in 0% content between the portal vein and dorsal aorta; for details, see p. offered to each sheep was altered immediately after each trial so that it had 7 d to adjust to the new level of intake. If one sheep was used to test more than one diet, about 14 d adaptation were allowed after the diet was changed. These adaptation periods represented a compromise between the optimal time taken for sheep to adjust to dietary changes (about 4 weeks) and the limited experimental life of the preparations (about 6 weeks).
126.
R E S U L T S
Post-operative history of sheep
All the thirteen sheep used in these experiments had an uneventful recovery during the first week after surgery and would usually eat about 900 g of any diet/zq h, within 7 d. Their subsequent history was more variable. The condition of two sheep suddenly deteriorated about 3 weeks after surgery. Both were found, post mortem, to have severe phlebitis in the anterior mesenteric vein. Three sheep showed intermittent fever and inappetence, beginning again about 3 weeks after surgery. These were killed painIessly by administration of sodium pentobarbitone through one of the implanted catheters, and some degree of phlebitis was found on post mortem examination in each instance. For four sheep, experiments were terminated Table 3 . Regression analysis relating portal blood $ow and total visceral heat production to metabolizable energy (ME) intake for sheep given diets of dtfferent quality and physical form Responses to food intake F (portal blood pow). All mean values obtained for F (l/min) for periods of 24 h are shown in Fig. I . There was no apparent significant difference between values for F that could be attributed to the quality of the different diets, but F was clearly Ht = 0.225 F(T,,,t related to the quantity of material eaten. The relationship between F and ME intake was markedly curvilinear; the variance ratio, quadratic: residual was 16.0 ( P < 0.01, Table 3 ). The residual standard deviation for the quadratic equation was 0.425 limin, which was reduced to 0.421 limin by using the exponential equation given in Table 3 and illustrated in Fig. I . H, (total heat production in the gut). The relationship between Ht and ME intake is shown in Fig. 2 ; vaIues for Ht at zero food intake were included in deriving the curves. There was no apparent difference between the chopped and pelleted driedlucerne diets. The relationship was better described by a quadratic than by a linear equation (0.1 > P > 0.05) and the residual standard deviation was least when the exponential expression given in Table 3 was used. When the sheep were given pelleted, dried grass, the relationship between Ht and ME intake was again best described by the exponential equation given in Table 3 and shown in Fig. 2 . The results obtained with chopped, dried grass were extremely variable and for this reason quadratic or exponential expressions do not describe the results more adequately than linear regression would describe them; however, the results in Table 3 are given in exponential form to correspond with the other diets.
The relationship between Ht and ME intake for the barley diet was very precise and significantly curvilinear ( P < 0.05) although the number of points on the graph was low. At about the maintenance level of intake (400 kJ ~~/ k g @ '~ per 24 h), the predicted Ht value for the lucerne diets was 116 kJ/kgo75 per 24 h and for both VOl. 34 Heat production in the sheep gut I33 
where F is the portal blood flow (ml/min); the constant 0.225 is a value which incorporates the specific heat of blood (Jlml); Tpork-TaOda is the temperature difference between the portal vein and dorsal aorta.
1 Aerobic heat production = I.Z~F(C.,~~(O~)-C~~,~~(O~)), where F is the portal blood flow (ml/min); for the constant 1.22 it is assumed that the energy equivalent for Oe consumption is 20.4 kj/1; Ca,,,.(O2) -CP,,,,(Oz) is the difference in Oe content between the portal vein and dorsal aorta.
Totalaerobic.
the barley and pelleted, dried-grass diets it was 80 kJ/kg@7s per 24 h ; these two predicted values differed significantly ( P < 0.05). H, (aerobic metabolism) and H, (fermentation heat). As indicated earlier, on many occasions catheters would allow infusion but not withdrawal of blood, therefore F and Ht could be measured but not H,. Only for twelve experiments could blood be withdrawn consistently enough to obtain reliable estimates for IfII. The results for these trials are given in Table 4 ; they indicate that Ht was greater than H , in all instances. The difference between Ht and Hg, the anaerobic heat production, which is principally attributable to H,, is expressed on a digestible energy (DE) intake basis (kJ/MJ DE), in Table 4 . The values for dried grass, dried lucerne and barley were 76,60 and 22 kJ/MJ DE respectively. The value for barley was significantly ( P < 0.05) less than the mean value for the other two diets.
D I S C U S S I O N
Validity of method
The use of cool saline as a marker for the measurement of blood flow and the estimation of Ht from TDorta-Taorta both depend on the assumption that effectively all the heat produced in the gut, or '~001th' introduced into the veins, is convected out into the portal vein by the mesenteric circulation. I n a previous report (Webster &White, 1973) we indicated that our estimate of Ht from equation I (p. 126) precisely measured the increase in heat production for the gut of sheep, when an immersion heater, inserted into the rumeri through a fistula, was operated at 29.6 W (106 kJ/h). While this finding was reassuring, the possibility remained that transfer of heat across the walls of blood vessels could have resulted in an over-estimation of blood flow rate from measurements of thermal dilution, and an underestimate of the heat gain per unit volume of blood from measurements of Tporta-Taorta; the two errors would cancel one another out in the final estimation of Ht. I n the present experiments, however, there was excellent agreement between our estimates for Ht and H, for the fasting sheep, the latter measurements being derived from CaOrta(O2) -Cpo,ta(O,). Since the estimation of H, is not open to the possible criticism made previously for Ht estimation, this agreement provides evidence that our approach measures F, Ht and H, without any serious systematic error.
Measurements of H, were less reliable than those of H,, partly because problems of blocked catheters reduced the number of samples that we could obtain, and partly because measurements of C(0,) were made on single samples of blood, whereas Tporta-Taorta were mean values for a 15 min measurement period. For this reason our estimates for anaerobic metabolism from Ht-H, can only be approximate; good enough to draw conclusions about the contribution of Hf to the total heat increment of feeding, but probably not sensitive enough to reveal small differences in Hf due, for example, to manipulation of the patterns of rumen fermentation.
Regulation of F (portal blood $ow)
There were no significant differences between diets for F, that could not be attributed to the quantity of food eaten. The variation between diets for the relationship between F and ME intake was considerable (residual SD 0.42 l/min) but there was no indication from Fig. I that significant differences between diets might have been achieved by more prolonged studies. Differences in F attributable to the quality of the diets tested are. probably not important.
Bensadoun, Paladines & Reid (1962), Katz & Bergman (1969) , and Webster & White (1973) have reported that, for the sheep, F increases after a meal has been eaten, and the time-course for changes in F during a 24 h period, for sheep eating different quantities of food was described by Webster (1974). There has not yet, however, been a systematic study of the physiological mechanisms involved in this increase.
A comprehensive study has been made of factors influencing blood flow in the
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I n these experiments feeding increased blood flow in the right ruminal artery, but not in the caudal mesenteric or hypogastric arteries. Insufflation of the rumen with CO, increased blood flow in the rumen artery by about 20-50%. Infusions of acetate, propionate or butyrate increased blood flow by, very approximately, 10, 50 and more than rooyo respectively, although there were limits to the increase that could be induced by both propionate and butyrate, presumably occurring when the blood vessels were fully dilated. Weekes & Webster (1975, and unpublished results) found that portal venous flow is increased by propionate and butyrate infusions to an extent comparable to that found in the right ruminal artery by Sellers (1965). Physiologically normal variations in the entry of protein nitrogen, amino acids or urea into the rumen or abomasum do not however appear to have any marked effect on F (M. Chalmers, F. White, & A. J. F. Webster, unpublished results) .
Variations in blood flow through the tissues of the digestive tract probably do not influence the absorption of VFA or urea, but do determine the movement of some compounds, for example, tritiated water and ethanol (Dobson, Sellers & Thorlacius, 1971) . The extent to which variations in blood flow in the mesenteric circulation affect the absorption of nutrients from the digestive tract, and the relative times at which they become available to the tissues for metabolism, remains to be studied.
H, (fermentation heat)
The values obtained for the anaerobic metabolism of the digestive tract (Ht -HB) can, with the qualifications given previously, be considered to represent Hf. Weekes & Webster (1975) showed that anaerobic metabolism by the tissues of the portaldrained viscera produced lactate at a rate of about 8.6 mm~l/kgo'~ per 24 h. The enthalpy change associated with this rate of lactate production would be only about 0.4 kJ/kgo75 per 24 h.
We know of no previous in vivo estimates of Hf. Marston (1948) and Houpt (1968) have measured Hf in vitro, using rumen contents from sheep and cattle respectively, and both workers obtained values of 60-80 kJ/MJ DE. Hungate (1966) reported that the theoretical amount of heat produced from the fermentation of hexose sugars to VFA is 65 kJ/MJ hexose fermented, independent of the molar proportions of VFA produced. The ratio of energy loss as methane:Hf is 2-8: I when fermentation yields acetate, propionate and butyrate in an approximate molar ratio of 2:1:1. Table 5 gives the amounts of DE lost as Hf and as methane in the present experiments.
The values for methane production were obtained during the determination of the ME content of the diets using closed-circuit respiration chambers. The results in Table 5 suggested that our estimates for Hf for the grass and lucerne diets agreed well with stoichiometric calculations if it is assumed that nearly all the DE was fermented. The low value for Hf for the barley diet was associated with a correspondingly low value for methane production, which suggested that a considerable amount of it escaped fermentation. The ratio of methane energy loss: Hf was lower (total visceral heat production (kJ/h)) = o 2 2 5 F (Tpofia-Tsorta), ( F is portal blood flow (ml/min); the constant 0 2 2 5 is a value which incorporates the specific heat of blood (J/mI);
Tporta-Taorta is the temperature difference between the portal vein and dorsal aorta); Hi (aerobic heat production (kJ/h)) = 1.22F (Caorts (Oa)-Cpor~~ (O&) , (F is portal blood flow (ml/min); for the constant 1.22 it is assumed that the energy equivalent for Oa consumption is 204 kJ/l; Caofia (Oz)-Cport. (0,) is the difference in O2 content between the portal vein and dorsal aorta).
than that predicted by Hungate (1966). However, Hungate himself failed to obtain good agreement between measured and predicted fermentation balance in the rumen, probably, for the most part, because the rumen does not exclusively ferment hexose sugars. T h e best conclusion, therefore, that can be drawn from the present experiments is that our rather imprecise in vivo estimates for Hf confirm reasonably well Hungate's predictions that the energy loss as heat during fermentation in the rumen is about 60-70 kJ/M J fermented substrate.
H, (aerobic metabolism in the gut)
Basal metabolic rate in the tissues of the gut was about 62 kJ/kg0'75 per 24 h. The best estimate of fasting metabolism for adult wether sheep based on several hundred calorimetric measurements is about 275 kJ/kg0.75 per 24 h. For the fasted animal,. therefore, the portal-drained viscera contributed about 23 % of total heat production. The increase in Hg in the gut with increasing food intake between fasting and about maintenance was, on average, about 65 kJ/MJ gross energy (GE) eaten ( Table 6) . T h e increase was less with the pelleted, dried grass and pelleted barley than with the other diets. Between maintenance and twice maintenance levels of intake the increase in HI, in the gut was about 120 kJ/MJ GE. At twice maintenance the contribution of the portal-drained viscera to total heat production had increased to about 33 yo.
The physiological mechanisms responsible for this large increase in metabolic rate in the tissues of the gut wall remain to be explained. Zuntz (1906) suggested that a large part of the heat increment of feeding for ruminants could be attributed to the 'work of digestion', the motor and secretory processes accompanying the VOl. 34
Heat production in the sheep gut = 37 5 Total visceral heat productionaerobic heat production, where total visceral heat production = o.2z5F(Tporta-Taolta) (F is portal blood flow (ml/min); the constant is a value which incorporates the specific heat of blood (Jlml); Tporta-Taarts is the temperature difference between the portal vein and dorsal aorta).
11 Aerobic heat production = 1~z~F(C,,,t,(0,) -Cpofia(Oe)), where F is the portal blood flow (ml/min); for the constant 1.22 it is assumed that the energy equivalent for Oe consumption is 20.4 kJ/l; C,,,ta(O,) -Cpo,+JOe) is the difference in 0, content between the portal vein and dorsal aorta.
closed-circuit respiration chambers, by the Calorimetry section of The Rowett Institute, Aberdeen.
1 Maintenance level of intake for ME taken as 400 kJ/kgo''s per 24 h. ** Derived from the net availability of ME, below and above maintenance levels of intake, see Table I. movement of a stated volume of food along the gut. This hypothesis would explain differences in the efficiency of utilization of the ME content of foods attributable to their fibre content, but not to their molar yield of VFA (Armstrong & Blaxter, 1957b; Annison & Armstrong, 1970) . The relatively small increase in Ht when pelleted, dried grass or barley were eaten below maintenance levels of intake suggested that the ' work of digestion' for these concentrated diets was relatively small, although the results obtained when pelleted, dried lucerne was eaten do not confirm this. Moreover, a hypothesis which attributes the metabolic rate of the gut simply to the bulk of material in it cannot explain the curvilinearity of response of HB to increasing ME intake. Thus while there may be a small component of HB that can be attributed to the bulkiness of the diet, much of the heat production in the guJ is probably derived from metabolic reactions that are not directly linked to the process of digestion. Weekes (1973) has shown that the rate of cell division and cell growth for the rumen mucosa are closely and positively correlated with food intake ( r 0.91). This suggests that the energy cost of rapid cell turnover is probably a large contributor to the metabolic rate of the gut, particularly when food intake is high.
Analysis of the heat increment of feeding
Contributors to the heat increment of feeding include the energy costs of eating and rumination, Hf, and Hg in the gut. The remainder must be associated with the liver and other tissues outside the gut. T h e main losses of energy from food as it is eaten and processed by the gut and tissues into net energy for maintenance and fattening are shown in Table 6 . Values for the energy costs of eating and rumination are from Osuji, Gordon & Webster (1975) . The net energy values are derived using the values for net availability of ME, below and above maintenance levels of intake, given in Table I . As these derived values are subject to at least as much variation as those obtained in the present experiments for Hf and Hg the values given in Table 6 are only first approximations. However, certain points can be made with some assurance. The energy cost of eating these dried and processed diets accounted for only about 1 % of GE. Fermentation accounted for, an average, less than 4%. Below maintenance levels of intake, the increase that occurred in heat production both in the gut and other tissues (remainder) was about 4-10% of GE intake. Between maintenance and twice maintenance levels of intake the increment in heat production in the gut and other body tissues increased sharply to about 12% and 16% of GE respectively. The remaining tissues therefore contributed at least as much as the tissues of the gut to this increase in heat production. This is further proof that the decline in efficiency with which ME surplus to maintenance requirements is retained in the body as foods become more fibrous cannot be attributed to any extent to the physical work of processing the food in the gut, but must be due, as suggested by Armstrong & Blaxter (19~7a, b) , mainly to the nature of the substrates made available by digestion and the metabolic reactions for which they are used.
